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ABSTRACT 
Nicholas William Garcia: Leptin’s Effects on Amphibian Sexual Behavior 
(Under the direction of Sabrina S. Burmeister) 
 
Mate choice is an essential decision for sexually reproducing animals. This decision 
is influenced by a number of dynamic cues including an animal’s internal physiology. Leptin 
is a peptide hormone that reduces food intake and influences a number of physiological 
systems across vertebrate taxa. Because leptin can signal an animal’s present energy stores, it 
may influence important behavioral decisions, including mate choice. To probe leptin’s 
effects on mate choice, I tested female spadefoot toads (Spea bombifrons), which have highly 
plastic mate choice decisions. I found that leptin treatment switches the mate choice 
preferences of spadefoot toads and causes appetite suppression. These results suggest a novel 
role for leptin in sexual behaviors and broaden the understanding of the hormone’s effect on 
vertebrates. 
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CHAPTER 1: BEHAVIORAL EFFECTS OF LEPTIN ON APPETITE AND MATE 
CHOICE 
 
Introduction 
 For sexually reproducing animals, fitness is intricately tied to choosing an appropriate 
mate. An organism will choose a mate using a number of cues about potential mates 
including mate identity and mate quality, but other germane cues influence the decision. 
These factors include, but are not limited to internal physiology, available resources, social 
environment, and habitat quality (Andersson 1994, Jennions and Petrie 1997, Cotton et al. 
2006). These cues are highly dynamic, thus it is predicted that mate choice preferences will 
evolve plasticity to maximize fitness given the context of the specific values of these cues 
(Jennions and Petrie 1997, Cotton et al. 2006, Pfennig 2007).   
Indeed, the female Plains spadefoot toad (Spea bombifrons) is an animal that has 
highly plastic mate choice preferences and the plasticity of those preferences relate to body 
condition (Pfennig 2007). Spadefoot toads breed in ephemeral pools where tadpoles will die 
if they do not metamorphose before the pools dry, and females adjust their preferences to 
produce offspring that can develop fast enough to escape the drying pools. Specifically, 
females will hybridize with male Mexican spadefoot toads (Spea multiplicata) in shallow 
pools because hybrid offspring develop faster than purebred tadpoles (Pfennig 2007). 
Furthermore, females that have low body mass for their size (poor condition) are more likely 
to switch their preference to S. multiplicata, because their offspring develop slower than the 
offspring of healthier toads (Pfennig 2007). Thus females in poor condition can maximize
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their fitness if they switch their preference to S. multiplicata to obtain an enhanced rate of 
development for their offspring (Pfennig 2007).  
But what cues are females using to assess their body condition? Because hormones 
are common signals between cooperating physiological systems, it is likely that a hormone 
from the periphery is signaling the central nervous system (Nelson 1995). One possible 
candidate is the peptide hormone leptin. Leptin signals satiety in vertebrates (Halaas et al. 
1995, Pelleymounter et al. 1995, Lohmus et al. 2003, Crespi and Denver 2006, Murashita et 
al. 2008) and mediates energy-related tradeoffs between physiological systems (Drazen et al. 
2001, French et al. 2009, French et al. 2011). Because leptin levels correlate with stored fat 
reserves in mammals (Ahima and Flier 2000, Benoit et al. 2004), the hormone may be a 
signal of stored fat (adipostat) and energy stores.  
If leptin were to serve a similar function in the spadefoot toad, it would signal body 
condition to the spadefoot brain. Thus, I predicted that leptin treatment would enhance 
females’ preference for conspecific male calls in shallow water. To establish that leptin 
treatment elicits an expected physiological response in adult spadefoot toads, I treated toads 
with either leptin or saline and measured their motivation to capture prey items. After 
establishing a physiological effect of my leptin treatment, I tested the mate choice 
preferences of spadefoot toads: I injected females with either leptin or saline and presented 
them choices in both deep and shallow pools.  
I found that although leptin treatment elicits a classic physiological response from 
toads, and leptin causes females to switch their preferences. However the mate choice 
preferences of leptin-treated toads followed a pattern that does not indicate that leptin acts as 
an adipostat in the Plains spadefoot toad. 
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Materials and Methods 
Animals and housing  
In all experiments, I used adult female Plains spadefoot toads (Spea bombifrons) that 
were collected from populations that co-occur with the Mexican spadefoot toad (Spea 
multiplicata) in Arizona, New Mexico, and Texas. I confirmed the toads’ sexual maturity by 
noting the presence of eggs under each toad’s skin. Toads were fed nutrient-dusted crickets 
ad libitum, except for the subjects in the appetite experiment described below. All protocols 
were approved by UNC’s Institutional Animal Care and Use Committee. 
Hormone production and injections 
I expressed and purified recombinant leptin according to the protocol described by 
Crespi and Denver (2006).  Specifically, I transformed chemically competent E. coli (BL21 
Star (DE3)pLysS, Invitrogen, Carlsbad, CA) using a plasmid construct containing the leptin 
coding sequence from Xenopus laevis (pET151/D-TOPO, Invitrogen, Carlsbad, CA; 
construct courtesy of the Denver Lab, University of Michigan, Ann Arbor, MI). I purified the 
hormone by electrophoresing whole cell lysate, excising and electroeluting the peptide, and 
dialyzing it against 0.9% saline overnight. This recombinant hormone has a poly-histidine 
tag, so I was able to confirm the identity of the purified hormone using a Western blot (anti-
poly-histidine antisera courtesy of the Sekelsky Lab, University of North Carolina, Chapel 
Hill, NC). 
In each experiment, I administered a daily 0.1 ml subcutaneous injection of either 
sterile saline, or leptin (2 ng/g body mass) dissolved in sterile saline over the course of six 
days. The sixth injection was given 1 h prior to each behavioral trial. At the present time 
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there are no assays to measure endogenous leptin levels in anurans, so I could not directly 
confirm that my dosage is within the normal physiological range. However, this dosage is 
modest, and is lower than dosages that have been shown to elicit physiological effects in 
Spea and Xenopus (Crespi and Denver 2006, Torday et al. 2009). 
Appetite assay  
Because I used a recombinant protein in my treatment, and to further establish that 
my leptin treatment produces normal responses; I designed an experiment to test the effect of 
my treatment. Within vertebrates, the most consistent physiological effect of leptin is 
anorexia (Halaas et al. 1995, Lohmus et al. 2003, Crespi and Denver 2006, Murashita et al. 
2008), so I designed the following procedure to assay appetite. For one week prior to the 
trial, toads were food deprived and were randomly assigned to receive either leptin (n=9) or 
saline (n=9) as described above. One hour after the final injection, I measured each toad’s 
body mass and then I presented each toad with a prey-catching task. I placed about 50 
crickets in a plastic box (0.6 m x 0.3 m x 0.3 m) covered with a transparent screen. The 
crickets were allowed to disperse within the box, and then I placed the focal toad in the 
center of the box. I counted the cumulative attacks made by each toad in 3 min intervals over 
the course of 15 min. 
Phonotaxis tests  
In my first phonotaxis experiment, I divided female spadefoot toads into two groups 
and treated them with either leptin injections (n=30), or saline injections (n=20) following 
the dosage and procedure described above. I then tested each female’s preference in a two-
choice phonotaxis trial modeled after Pfennig’s study (2007). I prepared the arena by filling a 
circular wading pool (diameter 1.8 m) with water, and placed a platform in the center. On 
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opposite sides of the arena, I placed two speakers on platforms (about 1.4 m apart). I placed 
two additional platforms along a line perpendicular to the line formed by the speakers, and 
equidistant to them. These platforms served as neutral areas where a toad could rest without 
approaching either speaker.  During trials in the deep-water treatment, I maintained the depth 
of the pool at 30 cm, whereas I kept the depth of the pool at 6 cm during trials in the shallow-
water treatment.  Both of these depths are within the natural range of variation in pond depth 
(Pfennig 2007). Each female performed a trial in both pool depths, so the depth in each 
individual’s first trial was randomly determined to control for order effects. 
During each trial, I continuously broadcast synthesized conspecific (S. bombifrons) 
and heterospecific (S. multiplicata) male calls in an antiphonal manner. The stimuli were 
composed of average call characteristics for each species (Pfennig 2007). The call stimuli 
were switched between speakers following each trial to control for side biases, and the 
species of the first call to be played was randomly assigned to control for leader effects. 
At the start of a trial, the toad was placed on the central platform under an opaque 
plastic cup for 10 min to acclimate to the stimuli. At the end of the period, I raised the cup, 
and the toad was allowed to move freely within the arena while the stimuli continued to play. 
Standing behind a curtain, I watched the female, and marked the preference of her selection 
if she touched a speaker. If the toad did not choose within a 30 min period, she was marked 
as unresponsive, and the trial was ended.  This is a reliable method for assessing preference, 
because in the field, females initiate pair formation by approaching and touching a calling 
male (Bragg 1965). At the end of the trial I collected morphometric measurements including 
the toad’s body mass and SVL. 
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In a second experiment, I tested the individual, repeatable preferences of an additional 
group of leptin-treated toads (n=21), but only in deep water.  Following hormone treatment 
(same as above), I gave each female four sequential phonotaxis trials. I tallied the total 
number of times each toad selected the heterospecific call and used this measure as a 
parameter in analysis. 
Statistical analysis  
In the appetite experiment I used a repeated measures ANOVA with hormone 
treatment as a between-subjects factor, time as a within-subjects factor, and their interaction 
to detect treatment effects.  
In the initial phonotaxis experiment, I used Fisher’s exact tests to examine differences 
between distributions of group preferences. I also used 𝜒2 tests to determine whether female 
preferences within a hormone treatment group and water depth were significantly different 
from a random 1:1 expectation. To determine if leptin-treated females consistently preferred 
heterospecific calls, I used a one-sample t-test, testing against the null hypothesis that 
females with no preference would randomly select the heterospecific call twice (half the 
trials). I also analyzed toads’ latency to choose a call using a mixed effects model that 
included hormone treatment, water level, their interaction and body mass as fixed factors and 
individual as a random effect. The raw latency data violated assumptions of normality 
(Shapiro-Wilk’s W = 0.797, p < 0.001), so prior to analysis I calculated the logarithm of each 
datum and used these transformed data for my analysis. I excluded all unresponsive toads 
from all analyses. All analyses were performed with JMP 10.0 (SAS, Cary, NC). In all cases, 
differences were considered statistically significant when p < 0.05, although I noted and 
reported statistical trends when p < 0.1. 
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Results 
Appetite assay  
I found that leptin-treated toads attacked significantly fewer crickets than saline-
treated toads (F1,16 = 8.59, p = 0.010; Figure 1), and the repeated measures ANOVA also 
revealed that leptin-treated toads had a lower rate of attacks (hormone x time interaction, 
F4,13 = 4.23, p = 0.021; Figure 1).  
Phonotaxis experiments  
In my initial phonotaxis experiment, I found that leptin-treated toads had significantly 
different preferences than saline treated toads in deep water (Fisher’s exact test, p = 0.007; 
Figure 2). Specifically, leptin-treated toads preferred heterospecific calls (log-likelihood 𝜒2 = 
3.95, n = 26, df = 1, p = 0.047; Figure 2), and saline-treated toads preferred conspecific calls 
(log-likelihood 𝜒2 = 5.23, n = 20, df = 1, p = 0.022; Figure 2). In the low water setting, I 
found no significant difference in preferences between treatment groups (Fisher’s exact test, 
p = 0.77), and did not detect a significant preference for calls in either leptin- (𝜒2 = 1.96, n = 
25, df = 1, p = 0.16; Figure 2) or saline-treated toads (𝜒2 = 0.47, n = 19, df = 1, p = 0.49; 
Figure 2). In the follow up experiment testing preferences over four trials, I found that leptin-
treated toads consistently preferred heterospecific calls (mean= 2.67 +/- 0.21, t20 = 3.16, p = 
0.005; Figure 3), corroborating the results of the single choice test. When I assessed the 
toads’ latency to choose a call in the initial experiment, the mixed effects model revealed that 
leptin-treated toads were marginally quicker at selecting a call than saline-treated toads (F1,44 
= 3.176, p = 0.082; Figure 4a). Furthermore, the mixed effects model also revealed a 
marginal positive relationship between latency to choose a call and body mass (F1,50 = 3.465, 
p = 0.069; Figure 4b).  
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Discussion 
In the present study, I confirmed that leptin treatment reduces appetite (Figure 1), and 
I found that leptin causes the female spadefoot toads to switch their mate choice preferences 
in deep water (Figures 2 and 3). Specifically, I found that leptin-treated females prefer 
heterospecific calls in deep water, which is contrary to my initial prediction that leptin would 
enhance female preference for conspecifics in shallow water. Because females in poor body 
condition are more likely to switch their preference to heterospecific calls in shallow water 
(Pfennig 2007), it seems unlikely that leptin is a signal of body condition in this system. 
While it is likely the case that leptin mediates tradeoffs between physiological systems 
(French et al. 2011), it is becoming clear that leptin may not be a simple adipostat: a link 
between fat reserves and circulating leptin levels has not yet been found in any clade outside 
of eutherian mammals (Spanovich et al. 2006, Quillfeldt et al. 2009, Froiland et al. 2012, 
Sprent et al. 2012, Gogga et al. 2013). Furthermore, even though the vast majority of 
mammalian research operates under the assumption that leptin is an adipostat (reviewed in 
Benoit et al. 2004), leptin affects aspects of physiology and behavior that are seemingly 
unrelated to appetite and energy allocation. For example, leptin treatment enhances aspects of 
spatial learning and memory (Shanley et al. 2001, Farr et al. 2006), probably via its ability to 
promote hippocampal neurogenesis (Garza et al. 2012) and its modulation of NMDA-
mediated neuronal plasticity (Shanley et al. 2001). 
While our understanding of leptin’s function is still expanding, my results imply a 
role for leptin in mediating sexual behaviors. In the present study I also found that leptin-
treated females consistently prefer heterospecific calls, which suggests that my treatment has 
influenced a natural circuit that modulates female mate choice preferences. This result is 
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intriguing because at the present time no other hormone is known to cause a switch in female 
preference. Gonadal steroids (e.g., estrogens and progestins) have been implicated in 
influencing a female’s willingness to accept a less preferable mate when she has no better 
alternative, but in those cases a female will still choose a preferred male if given the choice 
(Wilczynski and Lynch 2011). In contrast, I observed that leptin-treated toads switched their 
preference to heterospecific calls in deep water, whereas the saline-treated toads still 
preferred the conspecific call (Figure 2), which is consistent with previous work (Pfennig 
2007). 
I also found a marginal effect of leptin treatment on latency to choose a call (Figure 
4a). Because leptin-treated females chose faster, and also preferred heterospecific calls, it is 
likely that leptin treatment made females more decisive about selecting the heterospecific 
signal. In addition, I found a marginal relationship between latency and female body mass: 
females with greater mass took longer to choose (Figure 4b). This relationship may suggest 
that larger females are less decisive about selecting a mate, or they take longer to properly 
discriminate calls. It is also possible that biomechanical factors make larger females slower 
swimmers. However, this relationship is weak, and the underlying mechanism remains 
unclear.  Regardless, these results further imply that leptin is involved in signaling some 
aspect of information to the spadefoot brain that is used in the process of mate choice. 
At the present time, however, it is unclear why leptin causes females to prefer a 
heterospecific signal in the high water setting. It is possible that leptin is signaling an 
important regulator of mate choice that is yet unknown. Leptin is expressed by a variety of 
amphibian tissues including brain, and pituitary gland (Crespi and Denver 2006). Thus, it is 
possible that the neuroendocrine effects of leptin are determined by a leptinergic 
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neuromodulatory system that I influenced with my leptin treatment. While these speculations 
are yet unsubstantiated, my results illuminate a novel and enticing possibility for further 
study. Future work is required to understand leptin’s effects on mate choice, but my findings 
are an important step in expanding knowledge about the role of hormones in determining 
ecologically relevant behaviors. 
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FIGURES 
Figure 1 
Leptin’s Effect on Appetite. Mean cumulative attacks of saline- (open circles) and 
leptin-treated (closed circles) spadefoot toads over time. Treatment showed a significant 
effect on attacks (F1,16 =8.59, p = 0.010) and on the rate of attacks (F3,11 =  p = 0.021). 
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Figure 2 
Leptin’s Effect on Mate Choice. Percentage of saline- (filled bars) and leptin-treated 
toads (empty bars) that selected conspecific calls according to water level presented. 
Asterisks denote groups that show a significant preference (p < 0.05) that is different from 
random expectation, which is marked with a line at 50%, and brackets indicate the direct 
comparison of groups in deep water (Fisher’s exact test, p = 0.007). 
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Figure 3 
Leptin’s Effect on Females Tested Repeatedly. Distribution of the total number of 
heterospecific calls chosen by leptin-treated females tested four times in high water. The 
distribution’s mean was significantly higher than expected if females were choosing calls 
randomly (two heterospecific calls) (t20 = 3.16, p = 0.005). 
 
  
 14 
Figure 4  
Leptin’ Effect on Latency. Mean latency (+/- S.E.M.) of saline- and leptin-treated 
toads to select a call (a) (F1,44 = 3.176, p = 0.082) , and latency to select a call versus body 
mass (b) (F1,50 = 3.465, p = 0.069) . 
(a). 
 
  
 15 
(b).
 
 
  
  
 16 
WORKS CITED 
 
Ahima, R. S. and J. S. Flier. 2000. Leptin. Annual Review of Physiology 62:413-437. 
 
Andersson, M. B. 1994. Sexual selection. Princeton University Press, Princeton, N.J. 
 
Benoit, S. C., D. J. Clegg, R. J. Seeley, and S. C. Woods. 2004. Insulin and leptin as 
adiposity signals. Recent Prog Horm Res 59:267-285. 
 
Bragg, A. N. 1965. Gnomes of the night: the spadefoot toads. Philadelphia, University of 
Pennsylvania Press. 
 
Cotton, S., J. Small, and A. Pomiankowski. 2006. Sexual selection and condition-dependent 
mate preferences. Current Biology 16:R755. 
 
Crespi, E. J. and R. J. Denver. 2006. Leptin (ob gene) of the South African clawed frog 
Xenopus laevis. Proceedings of the National Academy of Sciences of the United 
States of America 103:10092-10097. 
 
Drazen, D. L., G. E. Demas, and R. J. Nelson. 2001. Leptin effects on immune function and 
energy balance are photoperiod dependent in Siberian hamsters (Phodopus sungorus). 
Endocrinology 142:2768-2775. 
 
Farr, S. A., W. A. Banks, and J. E. Morley. 2006. Effects of leptin on memory processing. 
Peptides 27:1420-1425. 
 
French, S. S., M. D. Dearing, and G. E. Demas. 2011. Leptin as a Physiological Mediator of 
Energetic Trade-Offs in Ecoimmunology: Implications for Disease. Integrative and 
Comparative Biology 51:505-513. 
 
French, S. S., T. J. Greives, D. A. Zysling, E. M. Chester, and G. E. Demas. 2009. Leptin 
increases maternal investment. Proceedings of the Royal Society B-Biological 
Sciences 276:4003-4011. 
 
Froiland, E., M. Jobling, B. T. Bjornsson, P. Kling, C. S. Ravuri, and E. H. Jorgensen. 2012. 
Seasonal appetite regulation in the anadromous Arctic charr: Evidence for a role of 
adiposity in the regulation of appetite but not for leptin in signalling adiposity. 
General and comparative endocrinology 178:330-337. 
 
Garza, J. C., M. Guo, W. Zhang, and X. Y. Lu. 2012. Leptin restores adult hippocampal 
neurogenesis in a chronic unpredictable stress model of depression and reverses 
glucocorticoid-induced inhibition of GSK-3 beta/beta-catenin signaling. Molecular 
psychiatry 17:790-808. 
 
 17 
Gogga, P., J. Karbowska, Z. Kochan, and W. Meissner. 2013. Circulating leptin levels do not 
reflect the amount of body fat in the dunlin Calidris alpina during migration. General 
and comparative endocrinology 187:74-78. 
 
Halaas, J. L., K. S. Gajiwala, M. Maffei, S. L. Cohen, B. T. Chait, D. Rabinowitz, R. L. 
Lallone, S. K. Burley, and J. M. Friedman. 1995. Weight-Reducing Effects of the 
Plasma-Protein Encoded by the obese Gene. Science 269:543-546. 
 
Jennions, M. D. and M. Petrie. 1997. Variation in mate choice and mating preferences: A 
review of causes and consequences. Biological reviews of the Cambridge 
Philosophical Society 72:283-327. 
 
Lohmus, M., L. F. Sundstrom, M. El Halawani, and B. Silverin. 2003. Leptin depresses food 
intake in great tits (Parus major). General and comparative endocrinology 131:57-61. 
 
Murashita, K., S. Uji, T. Yamamoto, I. Ronnestad, and T. Kurokawa. 2008. Production of 
recombinant leptin and its effects on food intake in rainbow trout (Oncorhynchus 
mykiss). Comparative Biochemistry and Physiology B-Biochemistry & Molecular 
Biology 150:377-384. 
 
Nelson, R. J. 1995. An introduction to behavioral endocrinology. Sinauer Associates, 
Sunderland, Mass. 
 
Pelleymounter, M. A., M. J. Cullen, M. B. Baker, R. Hecht, D. Winters, T. Boone, and F. 
Collins. 1995. Effects of the Obese Gene-Product on Body-Weight Regulation in 
ob/ob Mice. Science 269:540-543. 
 
Pfennig, K. S. 2007. Facultative mate choice drives adaptive hybridization. Science 318:965-
967. 
 
Quillfeldt, P., N. Everaert, J. Buyse, J. F. Masello, and S. Dridi. 2009. Relationship between 
plasma leptin-like protein levels, begging and provisioning in nestling thin-billed 
prions Pachyptila belcheri. General and comparative endocrinology 161:171-178. 
 
Shanley, L. J., A. J. Irving, and J. Harvey. 2001. Leptin enhances NMDA receptor function 
and modulates hippocampal synaptic plasticity. Journal of Neuroscience 21. 
 
Spanovich, S., P. H. Niewiarowski, and R. L. Londraville. 2006. Seasonal effects on 
circulating leptin in the lizard Sceloporus undulatus from two populations. 
Comparative Biochemistry and Physiology B-Biochemistry & Molecular Biology 
143:507-513. 
 
Sprent, J., S. M. Jones, and S. C. Nicol. 2012. Does leptin signal adiposity in the egg-laying 
mammal, Tachyglossus aculeatus? General and comparative endocrinology 178:372-
379. 
 
 18 
Torday, S., K. Ihida-Stansbury, and V. K. Rehan. 2009. Leptin stimulates Xenopus lung 
development: evolution in a dish. Evolution & development 11:219-224. 
 
Wilczynski, W. and K. S. Lynch. 2011. Female sexual arousal in amphibians. Hormones and 
behavior 59:630-636. 
 
